INTRODUCTION
The synthesis and characterization of new polynuclear Mn complexes have been of great interest over the last three decades, or so, due to their relevance to bioinorganic chemistry and single-molecule magnetism. In the former area, bioinorganic chemists focus on the preparation of synthetic models for the structure, spectroscopic properties and/or function of the active sites of several Mn redox enzymes, the most fascinating of which is the water-oxidizing complex (WOC) of green plants and cyanobacteria, which is a Mn 4 Ca species [ 1 ]. From a magnetism viewpoint, manganese complexes often possess a large number of unpaired electrons and a significant magnetoanisotropy originating from the Jahn-Teller distorted Mn III ions; thus, they are excellent candidates as single-molecule magnets (SMMs) [ 2 ]. Transition metal-based SMMs are individual molecules that have a significant energy barrier to magnetization relaxation, and the upper limit to the barrier (U) is given by S 2 |D| or (S 2 -1/4)|D| for integer and half-integer spin systems, respectively, where D is the zero-field splitting parameter [ 3 ] . Hence, SMMs represent a molecular route to nanoscale magnetism, with potential applications in information storage [ 4 ] and spintronics [ 5 ] at the molecular level, and use as quantum bits in quantum computation [ 6 ] .
Azido (N 3 -) ligand has been known for years as one of the most flexible, multitopic and versatile groups in coordination chemistry, capable of bridging many metal centers and yielding beautiful structures with interesting magnetic properties [ 7 ] . It is now established that end-on (EO) bridging azides can promote strong ferromagnetic exchange interactions between the metal spin carriers, thus leading to high-spin molecules and/or SMMs [ 8 ]. The employment of azido groups in Mn cluster chemistry, in combination with additional organic chelates (i.e., pyridyl alcohols, diols and triols), has led to a large number of Mn III -containing compounds with nuclearities of up to {Mn 26 } [ 9 ] and S values as large as 83/2 [ 10 ] , 74/2 [ 11 ] , and 51/2 [ 12 ] .
We have recently turned our attention into the employment of cyanates as bridging ligands and ferromagnetic couplers in Mn III cluster chemistry. Cyanato groups (OCN -), as well as azides, belong to the general class of pseudohalides and their use in divalent metal cluster chemistry has been extensively investigated. In the most of the cases, however, cyanates have been employed in M 2+ -chemistry for magnetostructural correlations in structurally similar M 2+ /N 3and M 2+ /OCNcomplexes [ 13 , 14 , 15 ]. In contrast to the relatively extensive use of cyanates in divalent metal chemistry, there appears to be a missing gap in higher oxidation state metal chemistry, and particularly in Mn III coordination chemistry. Reasons for that are probably the hypothetic structural similarities of the large in number Mn III /N 3clusters with the corresponding Mn III /OCNspecies, as well as the trivial magnetostructural correlations between the two families of complexes that might not lead to any new, significant magnetic results. However, we have shown previously that the combined use of bridging OCNand either pyridyl diols or pyridyl dioximes in Mn cluster chemistry can yield Mn II/III 14 and Mn II/III/IV 16 clusters, respectively, with different structural topologies and magnetic properties than those obtained from the corresponding reactions with azides [ 16 ] .
We here report our results from the investigation of the Mn/RCO 2 -/OCN -/hmpH (R = Me, Et) reaction system, where hmpH is 2-(hydroxymethyl)pyridine (Scheme 1), under different solvent media. The anion of hmpis a pyridyl alkoxide-based chelating/bridging ligand [ 17 ], and was the ligand of choice due to its ability to foster the formation of high nuclearity Mn IIIcontaining products [ 18 ] with interesting magnetic properties, such as high-spin molecules and SMMs [ 19 ] . Thus, the above general reaction system led us to the isolation and characterization of 18 (hmp) 4 (hmpH) 2 (H 2 O) 2 ] (R = Me (3), Et (4)) complexes, which are OCN --and solvent-dependent. Scheme 1. The organic ligand 2-(hydroxymethyl)pyridine (hmpH) discussed in the text.
EXPERIMENTAL

General and physical measurements
All manipulations were performed under aerobic conditions using chemicals and solvents as received. Mn(O 2 CEt) 2 •4H 2 O was prepared as described elsewhere [ 20 ] .
Infrared spectra were recorded in the solid state on a Bruker's FT-IR spectrometer (ALPHA's Platinum ATR single reflection) in the 4000-450 cm -1 range. Elemental analyses (C, H, and N) were performed on a Perkin-Elmer 2400 Series II Analyzer. Direct current (dc) and alternating current (ac) magnetic susceptibility studies were performed at the University of Florida Chemistry Department on a Quantum Design MPMS-XL SQUID susceptometer equipped with a 7 T magnet and operating in the 1.8-400 K range. Samples were embedded in solid eicosane to prevent torquing. Alternating current magnetic susceptibility measurements 5 were performed in an oscillating ac field of 3.5 G and a zero dc field. Oscillation frequencies were in the 50-1000 Hz range. Pascal's constants were used to estimate the diamagnetic correction, which was subtracted from the experimental susceptibility to give the molar paramagnetic susceptibility (χ M ) [ 21 ] . 16 O 8 (OMe) 4 (OCN) 4 (O 2 CMe) 12 (hmp) 6 
Compound preparation
[Mn
(MeOH) 2 ] (1)
To a stirred, colorless solution of hmpH (0.10 mL, 1.0 mmol) and NEt 3 (0.14 mL, 1.0 mmol) in MeOH (25 mL) was added solid NaOCN (0.07 g, 1.0 mmol). The resulting colorless suspension was kept under magnetic stirring at room temperature for about 10 min, followed by the consecutive addition of solid Mn(O 2 CMe) 2 •4H 2 O (0.49 g, 2.0 mmol). The resulting dark brown suspension was stirred for a further 2 h, during which time all the solids dissolved. The solution was then filtered, and the filtrate was layered with Et 2 O (50 mL). After two days, dark red rod-like crystals of 1 had appeared and were collected by filtration, washed with cold MeOH
(2 x 5 mL) and Et 2 O (2 x 5 mL), and dried in air; the yield was 50%. The crystalline solid was analyzed as solvent-free 1. Anal 12 (hmp) 6 
(EtOH) 2 ] (2)
This complex was prepared in the same manner as complex 1 but using EtOH (25 mL) as the reaction solvent. After four days, dark red rod-like crystals of 2 had appeared and were 6 collected by filtration, washed with cold EtOH (2 x 5 mL) and Et 2 O (2 x 5 mL), and dried in air;
the yield was 40%. The crystalline solid was analyzed as solvent-free 2: Anal. Calc 18 (hmp) 4 
(hmpH) 2 (H 2 O) 2 ] (3)
To a stirred, colorless solution of hmpH (0.10 mL, 1.0 mmol) and NEt 3 (0.14 mL, 1.0 mmol) in MeCN (25 mL) was added solid NaOCN (0.07 g, 1.0 mmol). The resulting colorless suspension was kept under magnetic stirring at room temperature for about 10 min, followed by the consecutive addition of solid Mn(O 2 CMe) 2 •4H 2 O (0.49 g, 2.0 mmol). The resulting dark brown suspension was stirred overnight, during which time all the solids dissolved. The solution was then filtered, and the filtrate was layered with Et 2 O (50 mL). After four days, dark brown rod-like crystals of 3 had appeared and were collected by filtration, washed with cold MeCN (2 x 5 mL) and Et 2 O (2 x 5 mL), and dried under vacuum; the yield was 30%. The crystalline solid was analyzed as solvent-free 3: Anal. Calc 
Single-crystal X-ray crystallography
The crystallographic data and structure refinement details for complexes 1-4 are summarized in Table 1 . Single-crystal X-ray diffraction data for 1, 2 and 4 were collected on an Oxford-Diffraction Supernova diffractometer, equipped with a CCD area detector utilizing MoKa (λ= 0.71073) (for 1 and 2) and Cu Kα (λ = 1.5418 Å) radiation (for 4). Suitable crystals were attached to glass fibers using paratone-N oil and transferred to a goniostat where they were cooled for data collection. Empirical absorption corrections (multiscan based on symmetryrelated measurements) were applied using CrysAlis RED software [ 22 ] .The structures were solved by direct methods using SIR2004 [ 23 ] and refined on F 2 using full-matrix least-squares with SHELXL97 [ 24 ] . Software packages used were as follows: CrysAlis CCD for data collection [22] , CrysAlis RED for cell refinement and data reduction [22] , WINGX for geometric calculations [ 25 ] , and DIAMOND [ 26 ] for molecular graphics. The non-H atoms were treated anisotropically, whereas the aromatic H atoms were placed in calculated, ideal positions and refined as riding on their respective carbon atoms. The H atoms of water molecules could not be located. Electron density contributions from disordered guest molecules were handled using the SQUEEZE procedure from the PLATON software suit [ 27 ] . Several restraints (DFIX, ISOR, DELU) have been applied in order to limit the disorder of the coordinated molecules in the crystal structures of complexes 1 and 2 (e.g. of the cyanate ligands (O23-C34-N4, O24-C35-N5), the methanol ligand (C2) in compound 1 and of the cyanate ligand (O21-C32-N and the ethanol ligands (C33-C34-O22, C37-C38-O24 in compound 2).
Data for a selected crystal of 3 were collected at Station 11.3.1 of the Advanced Light Source at Lawrence Berkeley National Laboratory, using a Bruker Apex II CCD diffractometer (ω ο rotation with narrow frames, synchrotron radiation at 0.7749 Å, silicon 111 monochromator).
The structure was solved by direct methods and refined using the SHELX-TL suite of programs [ 28 ] . All fully occupied non-H atoms were refined anisotropically. All disordered or partially groups were left isotropic to conserve the data to parameter ratio. In this case the refinement would require extensive restraints to produce nice looking displacement parameters and therefore it seemed more sensible just to leave them isotropic. The lattice solvate molecules did not refine well and were heavily overlapped. After trying numerous disorder models, the decision was made to use SQUEEZE. The solvents, as modeled, refined to total 2 MeCN and 0.5 Et 2 O in the void over five positions in the asymmetric unit. This would yield 4 MeCN and 1 Et 2 O in the whole solvent void (~ 130 e -), which is reasonably close to the SQUEEZE outcome of 148 e -.
One of the ligands is disordered, with the hydroxyl oxygen atom mostly engaged in a long bond with Mn7, but 20% of the time has been rotated away from that contact. The hydrogen atom on O2 cannot be located in the difference map when it is interacting with Mn7, but a reasonable hydrogen position can be refined otherwise. The hydrogen atoms on O1W were found in the difference map and refined using a combination of similarity restraints and distance constraints.
All hydrogen atoms were refined with displacement parameters riding, with U(H)= 1.5U(O) and U(H)= 1.2U(C).
Table 1
Crystal and structure refinement details for complexes 1-4. Index ranges 
RESULTS AND DISCUSION
Synthetic comments and IR spectra
The Mn/N 3 -/hmpH reaction system has been extensively studied over the last ten years, 
The reaction is again an oxidation by atmospheric O 2 under the prevailing basic conditions. Once the identities of 3 and 4 were established by single-crystal X-ray diffraction studies (vide infra), we managed to optimize the synthetic conditions and increase the isolated yields of the crystalline compounds. Note that OCNions are not present in the structures of 3 and 4, although they were added to the reaction mixtures as NaOCN. To that end, we performed the same reactions that gave 3 and 4 in the absence of NaOCN, and we were able to isolate the same products in 50% and 60% yields, respectively. These reactions suggest that there is "competition" in solution between the cyanato and carboxylate groups for the coordination with the metal ions, with carboxylate ions showing a better coordination and bridging affinity for Mn II/III atoms than cyanates for this particular reaction system.
In the IR spectra of complexes 1-4 several bands appear in the ~1595-1380 cm -1 range, assigned to contributions from the stretching vibrations of the aromatic ring of hmpH/hmpligands, which overlap with stretches of the carboxylate bands. Thus, they do not represent pure vibrations and render exact assignments and application of the spectroscopic criterion of Deacon and Phillips [ 31 ] difficult. The IR spectra of complexes 1 and 2 exhibit a strong band at 2200 cm -1 and 2198 cm -1 , respectively. These bands are assigned to stretching vibrations of terminally bound cyanato groups through the oxygen donor atoms [ 32 ].
Description of structures
A partially labeled representation of complex 1 is shown in Fig. 1 . Selected interatomic distances and angles are listed in Table 2 .
Complex 1 crystallizes in the monoclinic space group P2 1 /n with the 4 ] 4+ and two symmetry-related Mn II Mn III 3 tetranuclear subunits (Fig. 2, bottom) . linkage is provided by the alkoxido arms of the six hmpgroups. The latter are all of the η 1 :η 3 :μ 3 type ( Fig. 3) , emphasizing the bridging flexibility of this ligand, as well as its ability to bridge metal ions at different oxidation states (Mn II/III ). Peripheral ligation about the complete core is provided by six η 1 :η 2 :μ 3 and six η 1 :η 1 :μ acetate groups (Fig. 3) , as well as four μ-OMegroups, Fig. 1.  Fig. 3 . The coordination modes of hmpand MeCO 2ligands found in complex 1.
Charge balance considerations and an inspection of the metric parameters indicate a 6Mn II , 10Mn III description for 1. This was confirmed quantitatively by bond valence sum (BVS)
[ 33 ] calculations (Table 3) (5) Table 4 . (Fig. 7) . Although rare, the co-presence of fully-deprotonated and neutral forms of an alkoxide-based bridging ligand, as the hmp -/hmpH combination in 4 (and 3), is with precedence in metal cluster chemistry [ 34 ] . Peripheral ligation about the complete core is provided by two η 1 :η 3 :μ 4 , two η 1 :η 2 :μ 3 and fourteen η 1 :η 1 :μ propionate groups (Fig. 7) , as well as two terminal H 2 O molecules (at Mn7 and Mn7′). All Mn atoms are six-coordinate with distorted octahedral geometries. Table 6 show that complexes 1 and 2 join a handful of known Mn 16 clusters at the Mn II 6 Mn III 10 oxidation state level, and possess a metal core topology similar, but not the same, with that reported by Christou and coworkers [45] . Further, complexes 3 and 4 are the second and third Mn 18 12 (O 2 CMe) 10 
Magnetochemistry
Magnetic susceptibility studies of complex 1
Variable-temperature dc and ac magnetic susceptibility measurements were performed on powdered polycrystalline samples of 1 and 2, restrained in eicosane to prevent torquing, in a 1 kG (0.1 T) field and in the 5.0-300 K range. The magnetic data of the two isostructural compounds are identical, and therefore only those for 1 will be discussed. The obtained data are shown as χ Μ T versus T in Fig. 9.  Fig. 9 .  M T vs. T plot for complex 1 in a 1 kG field.
The χ Μ T product for 1 steadily decreases with decreasing temperature from 47.76 cm 3 mol -1 K at 300 K to 34.16 cm 3 mol -1 K at 100 K, and then rapidly decreases to 6.30 cm 3 mol -1 K at 5.0 K. The 300 K value is less than the spin-only (g = 2) value of 56.25 cm 3 mol -1 K for six Mn II and ten Mn III non-interacting ions, indicating the presence of predominant antiferromagnetic exchange interactions within the molecule. The 5 K value suggests a small spin ground state value of S = 2 or 3 for 1; the spin-only (g = 2) values for S = 2 and 3 are 3 and 6 cm 3 mol -1 K, respectively. The continuous decrease of the χ Μ T product at the lowest temperatures may also presage an overall S = 0 spin ground state. Given the size of the Mn 16 cluster, and the resulting number of inequivalent exchange constants, it is not possible to apply the Kambe method [ 54 ] to determine the individual pairwise Mn 2 exchange interaction parameters; direct matrix diagonalization methods are also computationally unfeasible.
We concentrated instead on characterizing the spin ground state, S, and the zero-field splitting parameter, D, by performing magnetization (M) versus dc field measurements at applied magnetic fields and temperatures in the 1-70 kG and 1.8-10.0 K ranges, respectively. However, we could not obtain an acceptable fit using data collected over the entire field range, which is a common problem caused by low-lying excited states, especially if some have an S value greater than that of the ground state. A common solution to this problem is to use only data collected at smaller fields and/or lower temperatures; however, it was still not possible to get a satisfactory fit even with data below 1 T and 5 K [18, 19] . This suggests that low-lying excited states are populated even at these relatively low temperatures.
Ac magnetic susceptibility studies at zero dc field and 3.5 G ac field were also carried out. In the ac susceptibility experiment, the ac magnetic field is oscillating at a particular frequency and a peak in the out-of-phase  M '' versus T plot is observed when the magnetic moment of the molecule cannot relax fast enough to keep in-phase with the oscillating field. As we have described before on multiple occasions [18, 19, 29, 38] , ac susceptibility studies are also a powerful complement to dc studies for determining the ground state of a system, because they preclude any complications arising from the presence of a dc field. We thus decided to carry out ac studies on complex 1 as an independent probe of its ground state, S. These were performed in the 1.8-15 K range using a 3.5 G ac field oscillating at frequencies in the 50-1000 Hz range. Fig.   10 shows the in-phase component of the ac susceptibility as  M 'T versus T, while the out-ofphase susceptibility, as  M '' versus T, is shown in Fig. 11 . The  M ′T product decreases almost linearly with decreasing temperature below 15 K, indicating depopulation of excited states with spin S larger than that of the ground state and further justifying the problematic fits of the dc magnetization data. Extrapolation of the  M ′T data 32 from above ~6.0 K to 0 K, where only the ground state will be populated, gives a value of ~3 cm 3 mol -1 K, indicative of an S = 2 ground state with g = 2. Utilizing instead the  M ′T data below 6 K and extrapolating them to 0 K, we get a value of ~1 cm 3 mol -1 K, suggestive of an S = 1 ground state (g = 2). We thus conclude that complex 1 has either an S = 2 or 1 ground state, but these are nevertheless very close in energy even at the lowest possible temperatures. Finally, complex 1 does not exhibit an out-of-phase ac magnetic susceptibility signal down to 1.8 K, indicating that it is not an SMM.
Magnetic susceptibility studies of complex 4
Variable-temperature dc and ac magnetic susceptibility measurements were performed on powdered polycrystalline samples of 3 and 4, restrained in eicosane to prevent torquing, in a 1 kG (0.1 T) field and in the 5.0-300 K range. Again, the magnetic data of 3 and 4 are identical, and therefore only those of 4 ( Fig. 12 ) will be discussed in detail. 
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The χ Μ T product for 4 steadily decreases with decreasing temperature from 41.19 cm 3 mol -1 K at 300 K to 32.89 cm 3 mol -1 K at 100 K, then plateaus till ~40 K, before dropping further to 2.83 cm 3 mol -1 K at 5.0 K. The shape of the plot indicates predominant antiferromagnetic exchange interactions between the metal centers. The 300 K value is much less than the spin-only (g = 2) value of 59.5 cm 3 mol -1 K for 4 Mn II and 14 Mn III non-interacting ions, further suggesting the presence of antiferromagnetic exchange interactions within the compound.
The 5 K value indicates that complex 4 possesses a small spin ground state value or even S = 0.
An accurate determination of the ground state of 4 using M versus H data in a wide temperature and dc field range was again unfeasible due to the presence of low-lying excited states close in energy with the ground state. We have thus focused on ac susceptibility studies because they preclude any complications arising from the presence of a dc field and they can also help elucidating the magnetic dynamics of a system. To that end, extrapolation of the linearly decreasing  M ′T data (Fig. 13 ) from the 2-15 K region to 0 K, where only the ground state will be populated, gives a value close to 0 cm 3 mol -1 K, indicative of an S = 0 ground state. As expected, complex 4 did not exhibit an out-of-phase ac magnetic susceptibility signal down to 1.8 K, indicating that it is not an SMM. 34 Fig. 13 . Plot of the in-phase ( M ′) signal as  M ′T vs. T for complex 4 in a 3.5 G field oscillating at the indicated frequencies.
CONCLUSIONS
We have recently focused on how the employment of cyanates in Mn cluster chemistry will lead to chemically, structurally, and magnetically new findings, distinctly different than those observed from the use of the related azido ligands. The present work extends our previous results in this area, where Mn II/III 14 and Mn II/III/IV 16 clusters had been obtained from the employment of cyanato groups in higher oxidation state manganese cluster chemistry [16] , in conjunction with the gem-diolate form of di-2-pyridylketone and 2,6-diacetylpyridine dioxime, respectively. Although the reported mixed-valence Mn(II/III) cluster compounds 1-4 do not contain bridging cyanato groups, which was actually the main objective of this project, they have nevertheless been isolated in the presence of OCNions and hmpH chelate. Furthermore, it was found that the nature of the reaction solvent affects the identity of the isolated products; a family of Mn 16 clusters was obtained in alcohol media while Mn 18 compounds were crystallized in 35 MeCN. Magnetic susceptibility studies revealed the presence of predominant antiferromagnetic exchange interactions for all complexes with small ground state spin values. It will be interesting to determine, as this work is further progressed, to what extent cyanates will continue to provide a route to new Mn clusters and to what extent these are related to clusters provided by azides.
